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Abstract
This review focuses on the striking recent progress in solving for hydrophobic interactions be-
tween small inert molecules. We discuss several new understandings. Firstly, the inverse temperature
phenomenology of hydrophobic interactions, i.e., strengthening of hydrophobic bonds with increasing
temperature, is decisively exhibited by hydrophobic interactions between atomic-scale hard sphere so-
lutes in water. Secondly, inclusion of attractive interactions associated with atomic-size hydrophobic
reference cases leads to substantial, non-trivial corrections to reference results for purely repulsive so-
lutes. Hydrophobic bonds are weakened by adding solute dispersion forces to treatment of reference
cases. The classic statistical mechanical theory for those corrections is not accurate in this application,
but molecular quasi-chemical theory shows promise. Finally, because of the masking roles of excluded
volume and attractive interactions, comparisons that do not discriminate the different possibilities face
an interpretive danger.
Introduction
The molecular theory of hydrophobic effects,1
and particularly of hydrophobic interactions,2 has
been a distinct intellectual challenge for many
decades. The intellectual challenge originates with
the entropy-driven character of hydrophobic in-
teractions.3–5 Explanation of those entropies re-
quires molecular statistical mechanics. Statistical
mechanical theories of hydrophobic effects have
been rare, difficult, and unconvincing in their in-
ceptions,1,6 especially in contrast to the volumi-
nous and graphic results from molecular simula-
tions of aqueous solutions of hydrophobic species.
It is correct and traditional to introduce work on
hydrophobic effects by calling-out their vast im-
portance.7 But the subject is so vast that the tra-
ditional calling-out scarcely ever does justice to
the whole. We submit to that situation and pattern
here, giving a few examples, and citations of dis-
cussions more extended than would fit in this mini-
review. Hydrophobic effects can play a prominent
role in practical materials science associated with
aqueous solution interfaces.8–13 Work on clathrate
hydrates, in which molecular cages of water trap
gases,14,15 provides an example pertinent to en-
ergy applications. More traditional yet is work
on biomolecular structure,16,17 and even more ex-
pansive discussions are associated with the origins
of life.18,19 We note that an immediate precedent
of this work offered a focused discussion of the
expression of hydrophobic interactions in aque-
ous polymer solutions,20 and closely related work
gave an extended discussion of theoretical work on
atomic-scale hydrophobic interactions.21
The subjects of hydrophobic hydration and hy-
drophobic interactions are indeed vast, and this re-
view is not exhaustive. Instead we focus on the re-
cent interplay between statistical mechanical the-
ory of hydrophobic interactions and simulation ex-
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periments designed to test and clarify those theo-
ries.
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Figure 1: Radial distribution of water O atoms
from a dissolved Ar atom, T = 300 K, p = 1 atm
(heavy curve). Radial distributions (fainter, back-
ground curves) for hard-sphere model solutes with
distances of closest approach, λ = 0.31 nm, on the
basis of cavity methods.22–24
The distinction of hydrophobic interactions from
hydrophobic hydration is important and well-
recognized, but deserves emphasis. Hydrophobic
interactions are free energy changes resulting from
the mutual positioning of hydrophobic species in
water. In contrast, hydrophobic hydration ad-
dresses the placement of the water molecules
neighboring hydrophobic species in water. An ex-
ample of a hydrophobic hydration characteristic is
the radial distribution, gArO(r), of water oxygen
(O) atoms near an argon (Ar) atom solute in wa-
ter (FIG. 1). This shows crowding of water near
that hydrophobic solute. Water structures simi-
larly around other gases, including hydrogen25–28
and even carbon dioxide.29 Hydrophobic interac-
tions and hydrophobic hydration phenomena are
expected to be fundamentally related. But they
have shown distinctly different variabilities, and
theories of hydrophobic hydration30 have gone
further than theories of hydrophobic interactions.
Another hydrophobic hydration characteristic,
and one for which there is well-developed statis-
tical mechanical theory, is the dependence of the
contact value of the hard-sphere radial distribution
functions (FIG. 1) on the distance, λ , of closest
approach of a water O atom (FIG. 2). The max-
imum of G(λ ) in FIG. 2 provides an unambigu-
ous separation of large and small λ regimes. Here
that boundary is near λ = 0.3 nm. G(λ ) sup-
plies the compressive force exerted by the water
on a hard cavity.31 By falling in the neighborhood
of that maximum, the results of FIG. 1 demon-
strate the case of the strongest compressive force
on a hydrophobic spherical exclusion. The results
(FIG. 2) also draw a clear distinction between sol-
vation structuring of n-hexane, a typical organic
solvent, and liquid water.
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Figure 2: For a hard sphere in water and n-hexane,
contact values of radial distribution of O (water)
or C (n-hexane) from application of the revised
scaled-particle model. Results for T = 270 K
along the saturation curves of water and hexane,
redrawn from Ref. 32. The maximum value for
water, about 2.2, agrees with the radial distribu-
tions of FIG. 1 though the precise values of λ
near 0.3 nm are slightly different. Both water and
n-hexane cases show density depletion in the lo-
cal neighborhood of the hard sphere for gradually
larger λ , but this behavior is more advanced for n-
hexane: G(λ )< 1, for λ > 0.53 nm for n-hexane,
and for λ > 1.09 nm for water.
In contrast with hydrophobic hydration, the as-
sociation (FIG. 3) of end-methyl groups capping
a poly-ethylene-oxide (PEO) oligomer shows a
distinct hydrophobic interaction.33,34 That inter-
action is also suggested by the density profile of
poly-dimethylsiloxane (PDMS) interacting with a
solid surface.35 The PEO example was constructed
for feasible direct measurement, e.g., by neutron
diffraction, of the hydrophobic interactions shown.
Preliminary experiments of that sort, studying
2
end-labeled PEO chains, are already available.24
Simpler experimental studies of loop-closure36 of
PEO chains were later discussed as an extension
of this idea.37
This review focuses on the striking recent
progress in solving for these hydrophobic inter-
actions between small inert molecules.20,22,39–41
We anticipate discussion below by noting the
new understandings. (1) The inverse tempera-
ture phenomenology of hydrophobic interactions,
i.e., strengthening of hydrophobic bonds with in-
creasing temperature, is decisively exhibited by
hydrophobic interactions between atomic-scale
hard sphere solutes in water. (2) Inclusion of at-
tractive interactions associated with atomic-size
hydrophobic reference cases leads to substantial
corrections to reference results for purely repul-
sive solutes. Hydrophobic bonds are weakened by
adding solute dispersion forces to treatment of ref-
erence cases.20,42 The classic statistical mechani-
cal theory for those corrections is not accurate in
this application,20,42 but molecular quasi-chemical
theory (QCT) shows promise.42 (3) Theories,
comparisons, models, or pictures that do not dis-
tinguish effects of reference (repulsive force) cases
from those with interactions, including masking
attractions, are not safe.43–45
In closing this Introduction, we point19,46,47 to
the most ambitious attempt to extract physical in-
sight from the statistical mechanical theories that
work for hydrophobic effects.48–51 That analysis
suggested that the equation of state of liquid water
is the primary source of peculiarity of hydropho-
bic effects.19,47,51 The compressibility of water is
low, compared to organic solvents. Water is stiffer
and that low compressibility is weakly sensitive
to temperature along the vapor saturation curve.
Similarly, the density of water changes unusually
slowly along that vapor saturation curve. Good
theories should faithfully incorporate those equa-
tion of state characteristics even if they compro-
mise the molecular-scale description of hydration
structure. This “equation of state” explanation of
hydrophobic effects may not be fully sufficient on
its own, but it is the most defensible picture cur-
rently available.
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Figure 3: (upper) Probability density P(r)
for methyl-methyl length for [CH3(CH2-O-
CH2)mCH3](aq) with m = 21. The normalization
is chosen in analogy with conventional atom-atom
radial distribution functions of liquids. (lower)
Potential of the average end-to-end forces showing
distinct loop-closure, globule, and high-extension
regions. The choice of normalization for the
upper panel also sets the origin of the y-axis of
the lower panel. Results for r < 1.0 nm were
obtained with the WHAM procedure.38 Those
high-resolution results were matched to obser-
vation of P(r) overall from parallel tempering
molecular simulations.33
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Cavity Methods to Obtain Hy-
drophobic Interactions between
Hard-spheres in Water
We first discuss hydrophobic interactions between
hard-sphere solutes, A.22 We consider the radial
distribution function
gAA(r) = exp [−βuAA(r)]yAA(r) (1)
for atomic-size hard spheres relying on the cav-
ity distribution function, yAA(r), exploiting trial
placements into the system volume (Fig. 4). We
make nt trial placements into the system volume
V for each configuration sampled by the molecu-
lar simulation. Those placements are spatially uni-
form, and (nt−1)∆V/V should land in a volume
∆V , which is a thin shell of radius r > 0 surround-
ing a permissible insertion. The number of permis-
sible placements obtained in the shell for each con-
figuration is denoted by ∆ns(r). Averaging over
configurations, we estimate(
ns
V
)
yAA(r)∆V = ∆ns(r) , (2)
when nt → ∞. This is the same formula as if the
permissible insertions were actual particles though
they are not.
The radial distribution function gAA(r) = yAA(r)
for r ≥ 2 × 0.17 nm = 0.34 nm, but is zero
for r < 0.34 nm (Fig. 5). The contact val-
ues, gAA(r = 0.34 nm) obtained are more than
twice larger than the predictions of the Pratt-
Chandler (PC) theory.53 The contact values are
higher for higher temperatures, indicating stronger
hydrophobic contact attractions at higher tempera-
tures, agreeing with the results of Mancera, et al.,
and preceding work discussed there.54 The con-
tact values of the PC theory also increase with T
but those increases are small,53 and the PC contact
values are sufficiently different from these numer-
ical values that the small increases are not interest-
ing.
Figure 4: A configuration of 5×103 water
molecules together with the spherical inclusions
identified by nt = 2×105 trial placements of a hard
sphere with distance of closest approach to an oxy-
gen atom of 0.31 nm. This size corresponds ap-
proximately to A=Ar solute, for which the van der
Waals length parameter σA is about 0.34 nm.52
Thus, we adopt 0.31 nm - 0.17 nm = 0.14 nm as
a van der Waals contact radius of the water oxy-
gen atom. Hard sphere solutes of this size have
about maximal O contact density (FIG. 2).32,51
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Figure 5: Radial distribution functions for hard-
sphere solutes in liquid water at p = 1 atm, and
four different temperatures. The spheres have
van der Waals radius of 0.17 nm and distance-
of-closest-approach to a water oxygen atom of
0.31 nm. The prediction of the information theory
(IT) model44,55 at T = 300 K is shown by the star
and the gray dashed curve. The contact value ob-
tained matches the Pratt-Chandler theory numeri-
cal result,53 and is labeled PCIT .
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Multi-Solute/Water Simulations
to Assess Hydrophobic Interac-
tions
Here we discuss results from another assessment
of hydrophobic interactions, namely, simulation
of water with multiple hydrophobic solutes suffi-
ciently aggressive that they encounter each other
enough to permit thermodynamic analysis of their
interactions.40
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Figure 6: Evaluations of hydration free energies on
the basis of quasi-chemical theory for a range of
inner-shell boundaries (0.31 nm < λ < 0.36 nm)
for two Kr concentrations. µ(ex)Kr becomes insen-
sitive in the range 0.34 nm < λ < 0.36 nm. The
experimental value is 1.66 kcal/mol.56
We will use molecular quasi-chemical theory
(QCT) as our thermodynamic analysis tool.30 Re-
sults for two simulations, single Kr and multi-Kr,
show that the multi-Kr results for hydration free
energy, µ(ex)Kr , are distinctly lower (FIG. 6). This
already indicates that the hydrophobic interactions
are attractive, i.e., favorable. The significant dif-
ference derives from slight reduction of the unfa-
vorable packing contribution identified by quasi-
chemical theory. Two distinct further analyses
then arrive at concordant estimates of the osmotic
second virial coefficient B2 ≈ −60 cm3/mol (at-
tractive). Beyond the quasi-chemical theory ther-
modynamic analysis, the observed Kr-Kr distri-
butions were also analyzed with the extrapolation
procedure of Krüger, et al.57,58 This approach pro-
vides a convenient, theoretically neutral route to
the evaluations of B2 noted below.
Some thirty years ago, a focused molecular-
dynamics study59 estimated B2 for Kr(aq) to be
repulsive (positive). Differences of the mod-
els treated and computational resources available
probably explain the difference of that previous
evaluation with the present work.
LMF/EXP Theory for Inclusion
of Solute Dispersion Interactions
for Ar Pair Hydrophobic Inter-
actions
With the hard-sphere results of FIGs. 1 and 5,
we proceed further to discuss hydrophobic inter-
actions involving further realistic interactions. In-
teractions uAO and uAA are presented for analysis
with A=Ar in the example above, and here we con-
sider solute interactions of Lennard-Jones type. As
usual,60 these interactions are separated into a ref-
erence part that describes all the repulsive forces,
u(0), and a remainder u(1). We suppose that results
corresponding to the reference system are sepa-
rately available, e.g., from direct numerical sim-
ulation such as FIG. 7. Then
− ln
[
gArAr (r)
g(0)ArAr (r)
]
≈ βu(1)ArAr (r)
+
∫
hArO
(
r′
)
ρOβu
(1)
OAr
(|r′− r|)dr′. (3)
is the simple theory to be tested. That theory is
known as local molecular field theory (LMF).61
The first term on the right of Eq. (3) builds-in
the direct Ar-Ar attractive forces. The second
term supplies mean attractive forces from interac-
tion of the solvent with the solute. With hArO =
gArO− 1 conveniently taken from routine simula-
tion (FIG. 1), Eq. (3) is set so that the radial dis-
tribution functions on the left of Eq. (3) each ap-
proach one (1) at large separation.
A concise rederivation20 of the approximate
Eq. (3) emphasizes the basic concepts of the
van der Waals theories of liquids, and is persua-
sive on that basis. The corresponding theory for
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hArO (r) is
− ln
[
gArO (r)
g(0)ArO (r)
]
≈ βu(1)OAr (r)
+
∫
hOO
(
r′
)
ρOβu
(1)
OAr
(|r′− r|)dr′, (4)
with hOO (r) the observed OO correlation function
for pure water. Acknowledging closure approx-
imations specific to traditional implementations,
this is just the EXP approximation62 applied to
this correlation problem long ago.63,64
The functions uAO and uAA are distinct, and the
interesting possibilities of Eq. (3) lie in how uAO
and uAA contributions balance. In the present ap-
plication, these contributions balance closely in
the relevant regime of separations (FIG. 7), pre-
dicting small changes due to this balanced inclu-
sion of attractive interactions. Nevertheless, the
observed differences gArAr (r) and g
(0)
ArAr (r) are
large in contact geometries (FIG. 7).
In this application, finally, we are forced again
to the conclusions that attractive interactions lead
to substantial changes in the hydrophobic interac-
tions, and that the approximation Eq. (3) does not
describe those changes well here. Work of long
ago arrived at different conclusions because accu-
rate results for the reference system (FIGs. 5 and
7) were not available for this analysis.
The second osmotic virial coefficient, B2, be-
comes more attractive with increasing temperature
below T = 360 K (FIG. 8). This behavior is con-
sistent with important recent results of Koga39 and
of Ashbaugh, et al.41 With attractive interactions
in play, B2 can change from positive to negative
values with increasing temperatures. This is con-
sistent also with historical work59 that B2 ≈ 0 for
intermediate cases.
Discussion
Changing purely repulsive atomic interactions to
include realistic attractions weakens primitive hy-
drophobic bonds (FIG. 7). According to the
LMF/EXP theory,21,63 the hydration environment
competes with direct Ar-Ar attractive interactions
(Eq. (3)). The outcome of that competition is
sensitive to the differing strengths of the attrac-
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Figure 7: For T = 300 K, comparison of gArAr (r)
(blue-solid) to the result for the reference sys-
tem g(0)ArAr (r) (LJ repulsions, black-dashed) and the
LMF/EXP approximation (red-dotted). Solute at-
tractive forces reduce the contact pair correlations
and thus weaken hydrophobic bonds. Note also
the significantly different behavior of g(0)ArAr (r) and
gArAr (r) in the second shell. Those differences
suggest more basic structural changes driven by at-
tractive interactions.
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Figure 8: Numerical values of the osmotic sec-
ond virial coefficients, B2, obtained from the ra-
dial distribution functions using the extrapolation
procedure of Krüger, et al.,57,58 are nicely consis-
tent with important recent results of Koga39 and of
Ashbaugh, et al.41
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tive interactions. The earlier application63 used
the EXP approximation to analyze the available
Monte Carlo calculations on atomic LJ solutes
in water.43 That theoretical modeling found mod-
est effects of attractive interactions, and encour-
aging comparison with the Monte Carlo results.
This application of the LMF theory (Eq. (3)) again
predicts modest effects of attractive interactions,
but the net comparison from the simulation re-
sults shows big differences. The alternative out-
come is due to the fact that the earlier applica-
tion used the PC theory for the reference system
g(0)ArAr (r). We now know that approximation is
not accurate here,22 despite being the only theory
available. Here the LMF theory (Eq. (3)) predicts
modest-sized changes, also opposite in sign to the
observed changes. Note further that g(0)ArAr (r) and
gArAr (r) differ distinctively in the second hydra-
tion shell, and those differences suggest more ba-
sic structural changes driven by attractive interac-
tions.
Earlier theoretical studies featured 〈ε|r,nλ = 0〉,
a central object in QCT for the present problem.21
A more accurate evaluation would involve n-body
(n > 2) correlations, even if treated by superposi-
tion approximations.65 Detailed treatment of the
Ar2 diatom geometry is the most prominent differ-
ence between that QCT approach and the present
LMF theory (Eq. (3)). Nevertheless, a full QCT
analysis of these differences is clearly warranted
and should be the subject of subsequent study.
Finally, since attractions make large, masking
contributions, tests of the PC theory43,44 against
results with realistic attractive interactions should
address the role of attractive interactions, which
were not included in the PC theory.
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